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Abstract Cyclone activity and life cycle are analysed in
the coupled GCMs ECHAM5/OM and ECHAM4/OPYC3.
First, the results for the present climate (1978–1999) are
compared with ERA-40 and NCEP/NCAR reanalyses,
showing a drastic improvement in the representation of
cyclone activity in ECHAM5/OM compared to ECHAM4/
OPYC3. The total number of cyclones, cyclone intensity,
propagation velocity and deepening rates are found to be
much more realistic in ECHAM5/OM relative to
ECHAM4/OPYC3. Then, changes in extra tropical cyclone
characteristics are compared between present day climate
and future climate under the emission-scenario A1B using
ECHAM5/OM. This comparison is performed using the
20-year time slices 1978–1999, 2070–2090 and 2170–
2190, which were considered to be representative for the
various climate conditions. The total number of cyclones
does not undergo significant changes in a warmer climate.
However, regional changes in cyclone numbers and frequencies are evident. One example is the Mediterranean
region where the number of cyclones in summer increases
almost by factor 2. Some noticeable changes are also found
in cyclone life cycle characteristics (deepening rate and
propagation velocity). Cyclones in the future climate
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scenario tend to move slower and their deepening rate
becomes stronger, while cyclone intensity does not
undergo significant change in a warmer climate. Generally,
our results do not support the hypothesis of enhanced
storminess under future climate conditions.
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Storm tracks  Extra tropical cyclones  Cyclone tracking 
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1 Introduction
Atmospheric cyclone activity in the extra tropics is one of
the most informative characteristics of the observed climate variability on interannual and longer time scales.
Variations in cyclone tracks are closely related to the largescale changes of the atmospheric circulation. The North
Atlantic Oscillation (NAO) (Rogers 1984; Hurrell 1995),
for instance, has its clear signatures in storm frequencies in
the North Atlantic-European sector (Carleton 1988; Rogers
1997; Geng and Sugi 2001;Gulev et al. 2001, 2002;
Löptien and Ruprecht 2005; Raible 2007). Similarly, the
Pacific-North American Pattern (PNA) and North Pacific
pattern, described by the the North Pacific Index (NPI),
have a clear association with the cyclone activity over the
North Pacific (e.g. Gulev et al. 2001; Graham and Diaz
2001). Serreze and Barry (1988), Serreze (1995) and
Serreze et al. (1993, 1997) demonstrated that changes in
the intensity of cyclone activity effectively characterize the
leading modes of the atmospheric variability in the Arctic
region.
Availability of long-term time series of atmospheric
variables from reanalyses of the National Centers of
Environmental Prediction and National Center for
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Atmospheric Research (NACR/NCAR) and of European
Centre for Medium Range Weather Forecasts (ECMWF),
initiated many studies which quantified cyclone activity
using different methods for cyclone identification and
tracking (Simmonds and Keay 2000; Sickmoeller et al.
2000; Geng and Sugi 2001; Gulev et al. 2001; Hodges et al.
2003; Trigo 2006; Wang et al. 2006; Raible et al. 2007b
and others). These and other studies, provide a climatology
of storm track activity and identified the major modes of
interannual variability in the cyclone tracks. The cited
studies describe climatological features and variability
patterns of cyclone activity which are comparable in many
respects. However, the cyclone characteristics are somewhat different when derived from different reanalyses and
using different methodologies. Other studies analyzed the
sensitivity of the cyclone characteristics to the model resolution (e.g. Blender and Schubert 2000; Jung et al. 2006),
the use of different variables for the tracking (Hodges et al.
2003; Rudeva and Gulev 2007) and tracking methodologies
(Raible et al. 2007b).
Also in model studies, the analysis of cyclone activity
has become a widely used diagnostics. This analysis is in
many respects much more informative than the analysis of
mean fields (i.e. temperatures, geopotential heights) and
their variability. It allows for the assessment of a models’
capability to simulate the key dynamical processes
(cyclones) and to understand the mechanisms behind the
changes of the mean atmospheric parameters.
Simplified characteristics of the synoptic transients in
atmospheric general circulation models (AGCMs) were
first analysed, for instance, by Hall et al. (1994). They
compared a control equilibrium integration of the UK
Metoffice model with a simulation performed with doubled
carbon dioxide (CO2) and describe an intensification of the
mid latitudinal storm-track over the Atlantic in the
2 9 CO2 experiment. Christoph et al. (1997) analyzed
seasonal changes of the storm track activity in the atmospheric model ECHAM3 and concluded that the winter
suppression of the Pacific storm track is well represented.
Sinclair and Watterson (1999) reported for the AGCM
CSIRO9 a general decrease (up to 15%) of cyclone activity
in an experiment with doubled CO2 compared to a control
simulation. At the same time, they pointed out that during
winter, cyclone activity may intensify in areas downstream
of the major storm tracks. Geng and Sugi (2003) demonstrated that in the simulations with the Japan
Meteorological Agency AGCM, the total cyclone density
decreases in a global warming scenario, although different
tendencies were identified for cyclones of different intensities. Carnell and Senior (1998) and Carnell et al. (1996)
analyzed the storm track activity in the 2 9 CO2 experiment with the coupled GCM HadCM3 and reported an
intensification of mid-latitudinal storms under greenhouse
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gas warming conditions. Ulbrich and Christoph (1999)
demonstrated an intensification and an eastward shift of the
storm tracks in a greenhouse gas experiment with the
coupled model ECHAM4/OPYC3. A tendency to such a
shift between the periods 1958–1977 and 1978–1999 was
also found in reanalysis data by Kodera et al. (1999),
Hilmer and Jung (2000), Gulev et al. (2001, 2002) and Jung
et al. (2003). Thus, the model results are consistent with
observations and one could assume that this shift might
strengthen in future.
Studies of Schubert et al. (1998) and Beersma et al.
(1997) did not fully support these results. Schubert et al.
(1998) found rather a northward and not an eastward shift
while Beersma et al. (1997) mentioned a wind direction
anomaly over the eastern North Atlantic. Lambert et al.
(2002) compared winter cyclone frequencies in the 13
AMIP1 atmospheric models and concluded, that the
general characteristics of the cyclone activity in the different models are quite comparable with that observed in
nature. However, strong differences may occur for individual regions and cyclone types. The importance of the
ocean representation in climate models for the simulation
of cyclone intensity was studied by Raible and Blender
(2004), who found more realistic cyclone statistics in the
experiment with ocean dynamics compared to that with
simplified ocean representation. Recently, Bengtsson et al.
(2006) investigated changes in the frequencies and intensities of synoptic transients using the coupled climate
model ECHAM5/OM under the IPCC climate change
scenario A1B (Nakicenovic et al. 2000) and found relatively small changes in the cyclone activity due to
greenhouse gas forcing. The main differences between
present day and future climate in the analysis of Bengtsson
et al. (2006) originate form regional displacements of the
major storm tracks. Also, Raible et al. (2007a) recently
published a study concerning cyclones under varying climate conditions using the model NCAR CCSM
(Community Climate System Model). They analysed the
changes of extreme mid latitudinal cyclones between the
Maunder Minimum and present day conditions. Consistently with Bengtsson et al. (2006) they discovered a
southward shift of the main cyclone tracks from colder to
warmer climate conditions. Furthermore, they also found
an intensification of the winter cyclones which somewhat
contradicts other studies. Recently, Pinto et al. (2007)
analysed changes in cyclone activity over the Northern
Hemisphere in ECHAM5/OM for three different climate
scenarios (A1B, A2, B1). They found an intensification of
cyclone activity in the Atlantic-European sector in all
scenario runs. However, the total number of cyclones over
the Northern Hemisphere was reduced at the end of the
twenty first century compared to present climate
conditions.
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Most model studies on storm track activity focus on the
intensity of atmospheric synoptic variability quantified
through the statistics of band-pass filtered geopotential
height or cyclone numbers and frequencies. Less attention
has been paid so far to the characteristics of the complete
cyclone life cycles of which primarily cyclone intensity
(quantified through the minimum central pressure or
cyclone center vorticity) was considered by Sinclair and
Watterson (1999), Geng and Sugi (2003) and Bengtsson
et al. (2006). Nevertheless, the atmospheric circulation
variability also has its signatures in the life cycle parameters of synoptic transients, such as cyclone life time,
deepening rates and propagation velocity. For instance,
Gulev et al. (2001) demonstrated on the basis of storm
tracking using NCEP/NCAR data that these basic characteristics show significant changes during the last several
decades and exhibit strong regional differences. The analysis of the cyclone characteristics leaded to a better
understanding of the underlying physical mechanisms. A
comparative analysis of these parameters in models and
data provides an effective background for model evaluation
and could help to identify biases which are not evident
from the analysis of statistics of band-pass filtered time
series. In other words, even if the storm frequencies are
quite consistent between model simulations and data,
characteristics of the storm life cycle are not necessarily in
agreement and vice versa. In this study, we first analyze the
cyclone climatology of present day climate simulations of
ECHAM4/OPYC and ECHAM5/OM, as well as the climatologies of NCEP/NCAR and ERA-40 reanalysis data.
The purpose is to assess the reliability of the representation
of the cyclone life cycle in the two recent versions of the
climate model and to provide a framework for the further
analysis of cyclone life cycle characteristics under global
warming conditions with these models.

2 Data and methodology
2.1 NCEP/NCAR and ERA-40 reanalysis data
To validate the cyclone characteristics of the present day
simulations, we use ERA-40 and NCEP/NCAR reanalyses
for the period 1978–1999. NCEP/NCAR reanalysis (Kalnay et al. 1996; Kistler et al. 2001) is produced by the
NCEP operation model (T62) in the data assimilation mode
for the period from 1948 onwards. Similarly, ERA-40
reanalysis is generated by the ECMWF operational model
(T159) for the period from 1958 to 2002 with a 3DVAR
data assimilation system. Details of the ERA-40 model
performance can be found in Uppala et al. (2006). In order
to ensure comparability of the results we used the
2.5° 9 2.5° output of sea level pressure (SLP) from both

NCEP/NCAR and ERA-40 reanalyses. Although the model
resolution, data assimilation system and assimilation input
are quite different in the two reanalyses, comparisons show
qualitatively similar climatologies of the cyclone activity.
However, higher cyclone numbers are reported by ERA-40
produced by a model with higher resolution (e.g. Hodges
et al. 2003; Hanson et al. 2004; Trigo 2006; Wang et al.
2006). We note, that Wang et al. (2006) use a somewhat
different definition of cyclone activity than that used here.
They define an index based on the product of cyclone
counts multiplied by the mean cyclone intensity per season.
Trigo (2006) and Wang et al. (2006) report that the patterns
of variability are quite consistent in the two reanalyses.
However, Raible et al. (2007b) found differences between
the linear trend estimates derived from the two reanalyses
for the period 1958–2001. Generally, they reported stronger positive trends in the number of cyclones in NCEP/
NCAR, especially during spring. Note, that both reanalyses
were affected by inhomogeneities in data assimilation
input, particularly during the satellite epoch, and these
inhomogeneities could to some extent affect the patterns of
secular changes (e.g. White 2000), especially in the poorly
sampled Southern Hemisphere (Hines et al. 2000). Nevertheless, in the Northern Hemisphere the NCEP/NCAR and
ERA-40 climatologies are considered as a reliable basis to
analyze the natural climate variability during the last several decades (Kålberg et al. 2005). This is especially true
for the period of 1978–1999 considered here, as it is less
affected by the changes in data input compared to the
earlier decades. One can find a discussion of the role of
different types of assimilated data in Bengtsson et al.
(2004).

2.2 Climate model data
We use the data of the present day climate simulations and
scenario experiments of the two coupled climate models
ECHAM4/OPYC3 and ECHAM5/OM (Roeckner et al.
1996b, 2003). These two model configurations were
developed by the Max–Planck-Institute for Meteorologie
(MPI) from the preceding model designed by the European
Centre for Medium-Range Weather Forecasts (ECMWF)
and were extensively used for the analysis of future climate
change (Frankignoul et al. 2003; Collins et al. 2006; Johannessen et al. 2004; Jungclaus et al. 2006; Timmermann
et al. 1999). In ECHAM4/OPYC3, the atmospheric component (ECHAM4) is a T42 spectral model with 19 hybrid
vertical levels. The ocean component (OPYC3) described
by Oberhuber (1993a, b) matches the atmospheric horizontal resolution, but has increased resolution in the tropics
and 11 isopycnal levels in the vertical. In ECHAM4/
OPYC3, annual mean flux adjustments for heat and
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freshwater are employed to ensure a long-term annual
mean state close to present-day climatology. The model
demonstrated capability of realistically simulating the
El-Nino/Southern Oscillation (Roeckner et al. 1996a;
Timmerman et al. 1999). Christoph et al. (2000) analysed
the role of the ocean in the North Atlantic climate variability with ECHAM4/OPYC3. Eden and Jung (2001)
performed an analysis of the North Atlantic Oscillation
(NAO) and associated changes in the North Atlantic thermohaline circulation in ECHAM4/OPYC3. Cyclone
activity in ECHAM4/OPYC3 under present day climate
and global warming conditions is analyzed by Ulbrich and
Christoph (1999), showing an intensification of the cyclone
activity under greenhouse gas forcing.
The model ECHAM5/OM is a further development of
ECHAM4/OPYC3 and is the latest version of the ECHAM
coupled model family. Compared to ECHAM4, ECHAM5
is characterized by a number of substantial changes in both
the numerics and model physics. In particular, the radiation
scheme is improved by increasing the number of spectral
intervals in the shortwave and the long-wave band of the
spectrum, while horizontal and vertical diffusion and
cumulus convection remain essentially unchanged (Roeckner et al. 2003). The atmospheric component ECHAM5 has
a spectral resolution of T63 and 31 vertical levels.
Increased horizontal and vertical resolutions in ECHAM5
is quite important. Particularly, Roeckner et al. (2006)
reported that ECHAM5 at lower resolution (T42) has a
cold bias in the lower troposphere at high latitudes and that
westerlies are too strong in summer. Furthermore, a number of regional biases were considerably reduced in the L31
version compared to the older L19 version. Recent papers
by Roeckner et al. (2006) and Hagemann et al. (2006)
address the issues of the horizontal and vertical resolution
and evaluate the hydrological cycle in ECHAM5. The
oceanic component of the coupled model, MPI-OM
(Marsland et al. 2003) has 23 vertical levels and uses a
generalized orthogonal curvilinear C-grid, with poles in
Greenland and Antarctica. Flux correction are not implemented in ECHAM5/OM. ECHAM5/OM simulates
successfully ENSO (Jungclaus et al. 2006; Keenlyside and
Latif 2003). Results from an extended-range integration
with an earlier version of this coupled model (Latif et al.
2004) reveal considerable decadal-scale variability in the
Atlantic thermohaline circulation. Further analysis of the
ocean processes’ role in ECHAM5/OM is provided by
Jungclaus et al. (2006).
In the present study, we focus on the extended AMIPperiod (Atmospheric Model Intercomparison Project) from
1978 to 1999, which we term the ‘‘present day climate’’,
with focus on winter (JFM) and summer (JAS). Such a
choice of the definition of the seasons allows for comparison with earlier results of Gulev et al. (2001) and Zolina
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and Gulev (2002), obtained by using the same tracking
methodology. Changing the definitions of the seasons (e.g.
DJF/JJA or DJFM/JJAS) does not seriously affect the
results. For the present day climate we used the coupled
runs performed for the twentieth century with observed
greenhouse gas concentrations and aerosol forcing of
ECHAM4/OPYC3 and ECHAM5/OM. In order to analyse
potential changes in the characteristics of the cyclone
activity under anthropogenic forcing, we also used an
experiment with ECHAM5/OM forced by the IPCC (2001)
emission-scenario A1B (Meehl et al. 2005) which represents a medium emission-scenario of greenhouse gases
(GHCs) during the twenty first century and a subsequent
stabilization of the GHG-concentrations after 2100. In
order to avoid a timescale mismatch we also analyze 20year periods for the future climate simulations for the two
periods 2070–2090 and 2170–2190. Finally, we employed
for some estimates 100 years of a control-run with a CO2
concentration of 280 ppm (pre-industrial conditions). Here
we analyzed various 20-year periods to estimate the
internal climate variability of the model. These experiments are denoted with CTL1–5 in the following. No
noticeable drift concerning the cyclone activity could be
identified in the pre-industrial run. We use SLP from all
experiments for cyclone identification and tracking. The
data are used on a 2.5°9 2.5 grid over the Northern
Hemisphere, similar to the spatial resolution of the reanalyses in order to ensure that similar spatial scales are
identified for each dataset. Although ERA-40 provides data
at higher resolution, this does not allow for the identification of SLP features with spatial scales much smaller than
several 100 km (see Jung et al. 2006) for the discussion of
this issue).

2.3 Cyclone identification and cyclone life cycle
characteristics
The cyclone tracking is performed using a numerical
algorithm developed at IORAS (P.P. Shirshov Institute of
Oceanology of the Russian Academy of Sciences) on the
basis of a reference array of storm tracks for the 42 winter
seasons (1958–1999) (Gulev et al. 2001), produced by the
semiautomatic software of Grigoriev et al. (2000). The
tracking is performed on a polar orthographic projection
which has 181 9 181 points with the center on the North
Pole. Interpolation of the original SLP fields onto the
181 9 181 grid is provided by the method of local procedures of Akima (1970). Further pre-processing of the
SLP data includes dynamical interpolation of SLP fields
onto finer time steps (usually 1 h) that allows for the
effective separation of spatial scales associated with
cyclone migrations during one time step and the distances
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between the cyclone centers. This interpolation allows
the cyclones to propagate resolving numerically dSLP/
dt = u r SLP, i.e. accounts for variable velocities in different locations. This considerably decreases the cyclone
migrations per time step compared to the distances between
the cyclone centers and, thus, improves the accuracy of
tracking. The tracking procedure begins with cyclone
identification through the analysis of the local SLP-minima. The tracking procedure itself starts from the method
of the ‘‘nearest neighbors’’, employed also as initial step in
the schemes of Murray and Simmonds (1991), König et al.
(1993), Blender et al. (1997), Sinclair (1997, 2002), Hodges (1994), Hodges and Hoskins (2001) and others. This
method provides the first guess of the cyclone identification. Further identification of the tracks involves the 3-pass
analysis of cyclone propagation velocities, sorting of the
crossing trajectories and separate analysis of the stationary
cyclones. This scheme was already used for the analysis of
cyclones in the NCEP/NCAR reanalysis by Zolina and
Gulev (2003), in the sensitivity study of Jung et al. (2006),
analyzing the impact of spatial resolution on cyclone
characteristics in the ECMWF model, and in the analysis of
cyclone geometry of Rudeva and Gulev (2007). The skills
of the numerical scheme were improved by tuning using
hourly very high resolution output of several ECMWF
model configurations (Jung et al. 2006).
Some alternative schemes (e.g. Sinclair 1994, 1997;
Hodges 1994, 1999; Hoskins and Hodges 2002; Hodges
et al. 2003; Simmonds and Murray 1999) use characteristics of vorticity at 1,000 or 850 hPa or the Laplacian of the
SLP field for the cyclone identification and tracking. These
algorithms assume that vorticity allows to capture better
the smaller spatial scale end of the synoptic range compared to the SLP (Hodges et al. 2003). Thus, they allow for
a better identification of smaller scale systems (Hodges
et al. 2003). In particular, the vorticity-based approach is
used in the analysis of climate model simulations of Bengtsson et al. (2006). However, the use of vorticity implies a
somewhat uncertain cyclone definition (‘‘less restrictive’’
according to Sinclair 1997). Moreover, the vorticity-based
approach requires application of smoothing procedures
making the results dependent on the smoothing parameters
as demonstrated by Sinclair (1997). Discussions on a
proper choice of the measure for cyclone identification and
tracking are presented in Hodges et al. (2003), Jung et al.
(2006), Bauer and Del Genio (2006), Rudeva and Gulev
(2007) and Raible et al. (2007b). Comparisons of the
results based on SLP and vorticity (Hodges et al. 2003;
Rudeva and Gulev 2007) demonstrate generally consistency, with systematically higher cyclone counts derived
from the vorticity fields.
Characteristics of cyclone activity computed from the
tracking output constitute the coordinates, time and

corresponding SLP values in the cyclone centers. To
characterize spatial distribution of cyclone activity we use
a grid, developed by Zolina and Gulev (2002), which has
5° 9 5° grid cells south of 70°N and variable grid cell sizes
ranging from 10° 9 5° to 15° 9 8° north of 70°N,
including the circle at 88°N. This grid partly accounts for
the uncertainties of mapping associated with the orientation
of cells (Taylor 1986). Estimates of the sensitivity of
cyclone counts to the use of different grids can be found in
Zolina and Gulev (2002). Cyclone activity is characterized
by the cyclone frequency (the number of the pressure
minimum events, counted by an Eulerian observer within
the box during the chosen time interval) and the number of
cyclones (the number of SLP minima passing through the
box during the time interval, where multiple entries are
ignored). Cyclone numbers are given in this study as the
number of entries per grid cell per season. Cyclone frequencies are estimated as the number of 6-hourly
occurrences of cyclone center in the grid cell. Both cyclone
numbers and cyclone frequencies as well as cyclone generation events are normalized with respect to the 5° cell at
45°N (218,000 km2).
We analyse additionally for each system the cyclone life
cycle characteristics. In this work we use the minimum
central pressure during the cyclone life cycle as the simplest measure of cyclone intensity. However, since
cyclones propagate in the background SLP field, this
measure may not necessarily be effective enough. Thus,
Leckebusch and Ulbrich (2004) used the maximum wind to
characterize cyclone intensity. Raible (2007) considered
the geostrophically adjusted pressure gradient as a measure
of cyclone intensity. However, changes in the background
SLP field are very small in the experiments used here and
we assume that this simple measure is doing reasonable
well for out purposes. Cyclone life time is estimated as the
number of k-hourly intervals, forming the cyclone trajectory, k being the time resolution of the tracking. Note, that
the accuracy of the life time is approximately equal ±k/2 h
(Gulev et al. 2001). Mean deepening rate, dp, is computed
using ‘‘differences ahead’’, as the average over deepening
rates during the cyclone deepening. In order to account for
a latitude-dependent changes in all deepening/filling rates
they were normalized as hdpi = dp (sin /ref/sin /)), where
/ref is a reference latitude, taken as 45° (Roebber 1984,
1989; Serreze et al. 1997). We also compute the maximum
deepening rate during the cyclone life time and analyse
statistics of the deepening/filling rates at every step during
the cyclone life time. Cyclone propagation velocities and
their components are computed from the cyclone locations
using a simple numerical procedure. Their analysis provides estimates of the mean cyclone velocity, maximum
cyclone velocity and mean/maximum velocities during the
deepening and filling phases of the cyclone life cycle. All
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mean velocities are estimated by the averaging of velocity
estimates for individual time steps of the cyclone life time.
The results from model experiments and reanalyses are
assembled for individual seasons with a particular focus on
winter (JFM) and summer (JAS).
The temporal resolution of the SLP data is six hourly for
the NCEP/NCAR and ERA-40 reanalyses as well as for the
experiments with ECHAM5/OM, while it is twelve hourly
for the experiments with ECHAM4/OPYC3. This might
result in some uncertainty associated with the different
temporal resolution of the output used for the tracking. For
example, Blender and Schubert (2000) showed that the
lower temporal resolution might reduce the cyclone counts
and decrease the accuracy of the determination of cyclone
trajectories. However, they identified the major effect for
the change of resolution from 12 to 24-hourly, while
between 6 and 12-hourly resolution the effect was considerably smaller. We note that the effect of temporal
resolution of SLP data should be distinguished from the
effect of the temporal resolution of the output (storm
tracks), which was estimated by Zolina and Gulev (2002).
They showed that lower temporal resolution of the storm
tracks results in systematic underestimation of cyclone
numbers and introduces random errors in cyclone frequencies. In order to account for potential influence of
resolution, when comparing the results from ECHAM4/
OPYC3 and ECHAM5/OM, we performed several experiments by sub-sampling 6-hourly SLP fields at 12-hourly
time steps.

3 Cyclone life cycle characteristics in the present
climate simulations
3.1 Comparison of cyclone characteristics in NCEP/
NCAR and ERA-40 reanalyses
When comparing the cyclone characteristics in climate
models with reanalyses data, the choice of the reanalysis
product may be important. From a resolution view point
NCEP/NCAR reanalysis (T62) is closer to ECHAM4 (T42)
and ECHAM5 (T63), than ERA-40 (T159). Blender and
Schubert (2000) and Jung et al. (2006) studied the impact
of spatial resolution on the cyclone characteristics. Blender
and Schubert (2000) used spectral truncation to study the
impact of the spectral resolution on cyclone characteristics
in ECHAM4. They reported, for instance, a 15–20%
increase of cyclones between the resolutions T42 and T63.
Jung et al. (2006) compared model experiments initially
run at different resolutions and show a strong increase of
the number of cyclones with model resolution. On the other
hand, the model formulation of ERA-40 is much closer to
ECHAM4 and ECHAM5. This may, however, mask the
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effects of specific systematic errors in these models on the
results. Thus, Pinto et al. (2007) compared results of their
climate change experiments with NCEP/NCAR reanalysis.
Recent comparisons of cyclone characteristics in NCEP/
NCAR and ECMWF reanalyses (Hodges et al. 2003; Trigo
2006; Wang et al. 2006; Raible et al. 2007b) describe a
general qualitative and quantitative similarity of cyclone
characteristics, but report generally higher cyclone counts
in ERA-40, especially in the Atlantic-European sector. To
get further insight into the different representation of extra
tropical cyclones in the two reanlayses, we start with a
brief comparison of the cyclone characteristics derived
from NCEP/NCAR and ERA-40.
Figure 1 compares the total hemispheric number of
cyclones in NCEP/NCAR and ERA-40 reanalyses for the
period from 1978 to 1999, considered in this work as the
‘‘present day climate’’. The differences between the characteristics of cyclone activity and cyclone life cycle
parameters are not large, but quite noticeable. ERA-40
shows approximately 15–20% higher numbers for summer
and about 10% more cyclones than NCEP/NCAR in winter
(Fig. 1), while the variability in both data sets agrees quite
well with each other. The correlation of the cyclone
numbers in both data sets is 0.76 for both winter and
summer. Larger summer differences in the cyclone counts
between ERA-40 and NCEP/NCAR compared to winter
are in agreement with the study of Raible et al. (2007b)
who noticed differences of less than 10% in the number of
cyclones in winter and more than 20% differences in
summer for cyclones with life time longer than 72 h during
the period from 1961 to 1990. However, Raible et al.
(2007b) demonstrated consistency of the interannual variability between regional cyclone counts in the Atlantic and
Pacific regions for the winter season only, noticing little
agreement in the summer months.
In Fig. 2, we show for reference winter (JFM) and
summer (JJA) climatologies of cyclone numbers (Fig. 2 a,
b), cyclone frequencies (Fig. 2c, d) and the number of
cyclone generation events (Fig. 2e, f) in ERA-40. The
climatology of the cyclone counts shows the major North
Atlantic and North Pacific storm tracks with the local
increase of the number of cyclones in the areas of Icelandic
and Aleutian lows as well as the Mediterranean storm
track. Maps of cyclone frequencies account indirectly also
for the cyclone propagation velocity and capture well
continental storm tracks. The climatology of cyclone generation frequency shows the areas of the most intense
cyclone generation, which are, besides the western parts of
the Atlantic and Pacific mid latitudes, associated with
mountain regions. However, cyclone generation as well as
other storm track statistics in the regions with complicated
orography should be considered with caution for the reason
of potentially high errors in the adjustment of atmospheric
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pressure to sea level. For instance Pinto et al. (2007) did
not consider systems localized above 1,500 m at all.
Figure 3a, b show systematically higher cyclone numbers in ERA-40 compared to NCEP/NCAR over regions
with complicated orography (e.g. Rocky mountains, the
east coast of Greenland), which can be attributed to the
higher horizontal resolution (and, thus, better resolved
orography) in ERA-40. However, as mentioned above, the
cyclone counts over the mountain regions may be influenced by many systematic and random uncertainties,
primarily associated with the adjustment to sea level.
Alternatively, on the other hand over the mid-latitudinal
oceanic storm tracks, NCEP/NCAR shows slightly higher
cyclone numbers in both seasons. This is somewhat different from the results of Raible et al. (2007b) who
describe virtually no differences over oceanic storm tracks
in winter and slightly higher counts in ERA-40 than in
NCEP/NCAR in summer. We show in Fig. 3 a, b the statistical significance of differences in cyclone numbers
according to a Student t-test. Almost all differences identified over the oceanic storm tracks cannot be considered as
significant, except for the Kuroshio region and Irminger
Sea in winter, where ERA-40 shows higher cyclone counts
compared to NCEP/NCAR. Significant differences were
also found over the Hudson Bay where more cyclones
occur in NCEP/NCAR than in ERA-40 in winter. This is in
agreement with the results of Raible et al. (2007b). During
both winter and summer, the cyclone numbers over the
Mediterranean are significantly higher in ERA-40 compared to NCEP/NCAR.
The analysis of the number of cyclone generation events
(Fig. 3c, d) shows considerably higher occurrence of
cyclone generation in ERA-40 over the continents, especially in summer. Over the Rocky Mountains, the
differences may regionally reach values higher than one

1995

1980

1985

1990

1995

years

event per season for both winter and summer (i.e. about
30% of the average number of generation events in this
region). Summer continental differences are more pronounced than the winter ones. Differences in the cyclone
generation frequency over the oceanic storm tracks are
considerably smaller than over the continents. They do not
imply any systematic pattern. For instance, over Mediterranean Sea, ERA-40 shows generally more frequent
cyclone generation. However, in the Central Mediterranean
the sign of differences is regionally reversed (more
cyclones are generated in ERA-40).
The analysis of the cyclone life cycle characteristics
shows that cyclone life time is found to be comparable in
the two reanalyses for both seasons, with a slightly higher
number of short-living cyclones in NCEP/NCAR compared
to ERA-40 (Fig. 4a, b). In both reanalyses, about 65% of
cyclones have the life time less than 2 days. The cyclone
central pressure in ERA-40 is comparable with that of
NCEP/NCAR during winter, being stronger than in NCEP/
NCAR in summer (Fig. 4c, d). An estimation of the
number of cyclones reaching a central pressure of 980 hPa
shows that the number of deep cyclones is comparable in
both reanalysis products in winter, varying within 5%. In
summer, the difference in the number of deep cyclones is
20% smaller in NCEP/NCAR compared with ERA-40.
Likewise, the differences in the cyclone deepening rates
between the two reanalyses are more evident in summer,
when ERA-40 shows faster deepening transients compared
to NCEP/NCAR (Fig. 4e, f). In winter, ERA-40 has lower
mean deepening rates (e.g. the bars of -1 and -2 are slightly
higher than the bars of NCEP/NCAR). Further analysis of
the maximum deepening rates (not shown) reveals that the
relative contribution of rapidly intensifying cyclones
(Sanders and Guakum 1980; Rogers and Bosart 1986) with
maximum deepening rate exceeding 24 hPa per 24 h (1
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Bergeron) to the hemispheric count is higher than 10% in
NCEP/NCAR in winter, but somewhat smaller (about 2%)
in ERA-40. The comparison of cyclone propagation
velocities reveals that during winter, the velocity estimates
are similar in the two reanalyses for most velocity classes
(Fig. 4g). In summer, cyclones travel generally slower in
the NCEP/NCAR than in ERA-40 (Fig. 4g, h). About 40%
of the ERA-40 cyclones propagate with a velocity higher
than 35 km/h in summer, while in NCEP/NCAR this percentage is less than 30%.
Our comparison of cyclone counts and characteristics of
the cyclone life time in the two reanalyses generally agrees

with other comparisons (e.g. Hodges et al. 2003; Trigo
2006; Wang et al. 2006). In particular, we support the
conclusion of the regional comparisons of Trigo (2006)
who also found much stronger deepening of the cyclones in
ERA-40 in winter in the Atlantic-European sector. In the
following, the ERA-40 data is used as reference for most
comparisons with the two model simulations, since we
generally assume that ERA-40 represents the cyclone
activity and cyclone life cycles more realistically. We note
that comparison of the ECHAM models with ERA-40 may
not allow for the identification of systematic model errors,
since both models are very close to each other. Thus, we
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will discuss the differences between the model experiments
and the two reanalyses, if necessary.

smaller cyclone numbers over the Northern Hemisphere by
about 35% during winter and by approximately 40% in
summer. The total hemispheric cyclone number in E5P fits
well to NCEP/NCAR, but is considerably smaller than in
ERA-40. This comparison may be, however, partly influenced by the different temporal resolution of the SLP data
in E4P (12-hourly) and E5P, NCEP/NCAR and ERA-40 (6hourly). In order to estimate this effect, we sub-sampled
E5P and NCEP/NCAR data with 12-hourly resolution and
performed the tracking of the sub-sampled data set. Table 1
shows relative underestimation of the number of cyclones
over the Northern Hemisphere obtained by the tracking of
12-hourly SLP outputs compared to 6-hourly data
in NCEP/NCAR and E5P. These estimates were obtained

3.2 Comparison of the cyclone characteristics
in the model simulations with reanalyses data
In the next step, we compare the cyclone characteristics in
the present day climate simulations of ECHAM4/OPYC3
and ECHAM5/OM (E4P and E5P, respectively) with those
derived from the two reanalyses data sets for the period
1978–1999. Figure 1 compares the total cyclone numbers
during this period for the two ECHAM models (E4P and
E5P). In comparison to E5P, E4P shows systematically
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Table 1 Relative underestimation (%) of the cyclone numbers over
the Northern Hemisphere obtained by the tracking of 12-hourly SLP
outputs compared to 6-hourly data in NCEP/NCAR, ERA-40 and E5P
Data set

JFM

JAS

NCEP/NCAR

11.1

10.6

ERA-40
E5P

9.3

8.9

16.2

17.9

as d = (n6 – n12)/n6, where n6 and n12 are cyclone numbers
derived from 6-hourly and 12-hourly data, respectively.
Table 1 shows that the use of 12-hourly resolution may
result in 8–17% underestimation of the total cyclone
numbers most of which (about 60–65%) are short-living
and slowly moving cyclones with a life time less than
2 days. Our analysis also demonstrates comparable interannual variability of the cyclone numbers derived from the
data with different resolution; correlation coefficients
amount to about 0.8. Thus, this systematic bias can explain
only 30–35% of the differences obtained (Fig. 1) and
allows to consider underestimation of the cyclone counts in
E4P by at least 15–25% in winter and by 25–30% in
summer to be reliable.
Figure 5a, b shows winter and summer differences in the
cyclone numbers between ERA-40 and E5P. A similar
comparison performed for E4P (not shown) shows considerable underestimation of cyclone counts almost
everywhere. Again, the analysis of the cyclone counts
derived from the sub-sampled data gives systematic errors
which can only partly explain the differences between
ERA-40 and E4P. Thus, the major conclusion that E4P has
too low cyclone numbers practically everywhere remains
unchanged. In particular, systematically smaller cyclone
numbers in E4P were identified along all mid latitudinal
storm tracks with the strongest differences up to 70% over
the continental storm tracks in summer and up to 30–50%
over the oceans in winter.
At the same time, comparison of E5P with ERA-40
(Fig. 5a, b) shows more consistent cyclone counts for both
oceanic and continental storm tracks. E5P shows typically
5–20% smaller cyclone counts over the eastern parts of
both ocean basins and a southward displacement of the
storm track over the Kuroshio. Here, regional differences
between ERA-40 and E5P amount to 30% of the mean
values in winter and summer. The locally large winter
differences are also observed in the Irminger Sea east of
Greenland where ERA-40 shows 15 to 20% more cyclones
compared to E5P. Smaller cyclone numbers than in
ERA-40 are found in E5P in the eastern North Atlantic in
winter. Comparison of EP5 with NCEP/NCAR (not shown)
leads to basically the same results for the oceanic storm
tracks. The differences over the Kuroshio, however, are
somewhat less pronounced when NCEP/NCAR instead of

ERA-40 is used for the comparison, but still noticeable.
Figure 5 a, b shows that the differences in cyclone numbers
between ERA-40 and E5P are statistically significant over
the sub polar North Atlantic and northern Eurasia in winter
and in summer over the western Pacific storm track. Thus,
we can conclude that ECHAM5/OM shows a strong
improvement in the representation of cyclone activity in
comparison to ECHAM4/OPYC3 with, however, still poor
skills in simulating cyclone activity over the mid latitudal
western Pacific.
Differences in the number of cyclone generation events
between E5P and ERA-40 over the continents are considerable larger in summer than in winter (Fig. 5 c, d). We
hypothesize that, over the continents, the higher resolution
of ERA-40 with better resolved heat lows might play a role.
E5P also shows too few generation events over the Mediterranean compared to ERA-40. Comparison of cyclone
generation frequency in ERA-40 and E5P also clearly
identifies the Western Pacific storm formation region where
the number of generation events is higher in E5P compared
to ERA-40. It is interesting to note that, northeastward of
the Kuroshio storm formation region, ERA-40 shows
smaller cyclone generation frequency compared to E5P in
winter. This is likely associated with the displacement of the
major storm tracks between the two model simulations.
Figure 5 e, f show the differences between ERA-40 and
E5P for the number of deep (\980 hPa) cyclones.
Remarkably, in winter ERA-40 shows a stronger major
North Atlantic mid latitudinal storm track as well as a significant increase in the number of deep cyclones in the
Kuroshio region compared to E5P. At the same time,
ECHAM5/OM shows significantly more deep cyclones
over all sub polar storm tracks in both seasons.
Figure 6 compares major characteristics of the cyclone
life cycle in ERA-40, E4P and E5P. ECHAM5/OM shows
a drastic improvement in the representation of the cyclone
life time compared to ECHAM4/OPYC3 (Fig. 6 a, b). E4P
simulates an overestimation of the cyclone life time in both
seasons, with cyclones lasting more than 16 days and
propagating from the Pacific Ocean almost around the
globe. This is improved in E5P whose distribution of the
cyclone life time agrees nicely with that in ERA-40. In
E4P, less than 30% of cyclones last 1–2 days while 43% of
all cyclones are in this range in the reanlaysis. In E5P, these
cyclones contribute 40% to all cyclones, closely matching
the ERA-40 estimate. We note, that differences in the
number of short-living cyclones can be influenced by the
different temporal resolution used in the different data sets.
Furthermore, the short-living continental transients may
represent quasi-stationary orographic depressions whose
identification is difficult when using SLP.
The other parameters—cyclone central pressure (Fig. 6
c, d), deepening rate (Fig. 6e, f) and propagation velocities
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U. Löptien et al.: Cyclone life cycle characteristics over the Northern Hemisphere in coupled GCMs
180

180

90 W

90 E

0

0

180

180

(d)

30

30

60

60

90 W

90 E

90 E

90 W

(c)

(b)

90 E

90 W

(a)

60

60

30

30
180

(f)

90 W

90 E

90 E

Fig. 5 Winter (a, c, e) and summer (b, d, f) differences in the total
number of cyclones (a, b), frequency of cyclone generation (c, d) and
the number of deep cyclones (e, f) between ERA-40 and E5P data.

180

90 W

0

123

2.0
1.0
0.5
0.2
-0.2
-0.5
-1.0
-2.0

0

0

(e)

5
4
3
2
1
-1
-2
-3
-4
-5

4
3
2
1
0.5
-0.5
-1
-2
-3
-4

0

Black circles in panels (a, b, e, f) denote statistically significant
differences at the 5% level according to a Student t-test
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(Fig. 6g, h)—fit also much better to ERA-40 in E5P than in
E4P. This is particularly true for cyclone propagation
velocities. E4P tends to considerably underestimate the
mean propagation velocities and to overestimate the maximum velocities. This results in a strong underestimation of
both mean and maximum deepening rates in E4P (Fig. 6e,
f). In E5P, both propagation velocities and deepening rates
are in much better agreement with ERA-40. Given the
differences between the histograms derived from ERA-40
and NCEP/NCAR (Fig. 3) the major conclusions of Fig. 6
will hold also for NCEP/NCAR.

4 The analysis of the future changes in cyclone
characteristics
Being armed with quantitative estimates of the differences
in the cyclone characteristics between the two models (E4P
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and E5P) and with the results of the model comparison
with ERA-40 and NCEP/NCAR, we can conclude that
ECHAM5/OM is more suitable with respect to cyclone
characteristics. Thus, we analyse potential changes in
cyclone activity under the anthropogenic impact according
to the IPCC scenario A1B using only ECHAM5/OM. As
we mentioned in Sect. 2, we will analyse two 20-year
periods 2070–2090 (F1) and 2170–2190 (F2) which will be
compared with the present climate simulation of E5P for
the extended AMIP-period 1978–1999. We will additionally use different arbitrarily selected 20-year periods under
pre-industrial conditions to provide a measure of the
intrinsic climate variability of the model and to estimate of
the significance of the changes discussed.
Tables 2 and 3 compare the cyclone numbers over the
Northern Hemisphere for the different experiments with
ECHAM5/OM (E5P, F1 and F2). We also show in these
tables the cyclone statistics from the four arbitrary chosen
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Table 2 Mean winter hemispheric cyclone numbers for different experiments with ECHAM5/OM
Experiments
All cyclones

Mean
SD

\980 hPa
\970 hPa

Mean

EP5

F1

F2

CTL1

CTL2

CTL3

CTL4

549.8

521.3

514.1

533.0

557.4

555.8

548.0

22.4

22.3

28.9

18.9

26.2

22.5

22.4

115.6

114.3

114.0

111.4

113.8

114.0

113.6

SD

11.6

13.8

11.0

13.2

10.3

12.1

9.8

Mean

53.5

53.6

55.1

51.3

49.7

51.3

52.8

8.3

8.8

8.7

8.7

6.2

9.2

2.5

SD

E5P present climate; F1, F2 future climates; CTL1-4 arbitrary chosen 20-year periods of a control integration under pre-industrial conditions
Numbers given in bold are higher or lower than all CTL1-4 estimates

20-yr periods of the pre-industrial experiment (CTL1CTL4). During winter (Table 2), the total hemispheric
cyclone number is 6% smaller in F1 compared to E5P.
Analysis of the F2 experiment reveals a small further
decrease of the number of cyclones compared to F1 by
about 2%. Given the variability between the different 20-yr
periods of the pre-industrial run, this decrease can be
considered as significant. The separate analysis of intense
cyclones with a central pressure \980 hPa (Table 2) does
not show any significant change in the cyclone numbers
under anthropogenic warming. However, the number of
extreme events (central pressure \970 hPa) increases in F2
compared to F1, although there is no change in the number
of these cyclones from E5P to F1. Comparing the changes
from F1 to F2 with the magnitude of variability between
different 20-year periods of the pre-industrial run, we
cannot, however, draw the conclusion about significant
growth of the total number of extreme cyclone events over
the Northern Hemisphere in winter. During summer, the
number of cyclones over the Northern Hemispheric is
clearly enhanced in F1 compared to E5P by about 4%
(Table 3). This change can be considered as significant
taking into account the very small changes between different 20-year periods (CTL1–4) of the pre-industrial
control experiment. Summer changes between F1 and F2
are, however, much smaller than between E5P and F1.
Again, no significant changes were identified between E5P,
F1 and F2 for the cyclones with central pressure\980 hPa.

The number of these cyclones slightly increases by about
3% during 21st and 22nd centuries. The number of extreme
transients (\970 hPa) shows an increase of about 20% in
F1 and F2 compared to E5P. We have to note, however,
that these events are very rare in summer (roughly 10
events per season over the hemisphere), so that this signal
should be taken with caution.
The relatively small differences in the total cyclone
number over the Northern Hemisphere (Tables 2, 3)
between the different climate experiments imply the
necessity to consider regional differences. Figure 7 shows
winter and summer differences in the cyclone numbers
over the Northern Hemisphere between E5P and F1 and
between E5P and F2. In winter, a general decrease of the
cyclone numbers over most of the Northern Hemisphere
mid latitudinal storm tracks is seen for both future climate
periods. This is especially true for the western parts of the
Atlantic and Pacific storm tracks and for the North
American storm track as well as for the Mediterranean
storm track, where the decrease between E5P and F1
amounts to about 15–20%. All these differences are significant according to a t-test on the 5% level (Fig. 7). In the
other regions, the drop of the winter number of cyclones
between E5P and F1 is less noticeable, varying within
10%. Winter differences between the E5P and F2 are
qualitatively similar to those for F1, being, however,
somewhat smaller with a slight increase of the cyclone
numbers from F1 to F2. Positive differences (growing

Table 3 Mean summer hemispheric cyclone numbers for different experiments with ECHAM5/OM
Experiments
All cyclones
\980 hPa
\970 hPa

EP5

F1

F2

CTL1

CTL2

CTL3

CTL4

Mean

711.4

739.3

742.5

709.3

712.3

721.4

727.0

STD

25.5

23.5

17.4

18.0

29.0

24.3

19.8

Mean

31.0

31.5

32.7

29.1

28.3

27.3

29.5

STD

7.6

7.1

5.4

6.3

5.3

6.1

8.2

Mean

8.5

10.6

10.7

7.2

8.5

7.6

6.8

STD

2.0

2.7

3.0

1.9

2.9

.9

2.5

E5P present climate; F1, F2 future climates; CTL1-4 arbitrary chosen 20-year periods of the control integration under pre-industrial conditions
Numbers given in bold are higher or lower than all CTL1-4 estimates
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number of cyclones in F1 and F2 compared to E5P) were
identified over Northern Europe and Eurasia as well as over
the Eastern Pacific storm track in the region of the Aleutian
Low. However, these upward changes are not significant.
Over the Pacific, a northward shift of the cyclone trajectories is noticed. Figure 8 shows the contours of cyclone
numbers over the Pacific in E5P and F2, corresponding to
the regional 75 and 85% percentiles in winter. The locations of the regional storm tracks imply a noticeable shift of
the trajectories with cyclones in F2, propagating more
northeastward compared to E5P. In the Atlantic-European

sector, our differences for winter do not unconditionally
support the findings of Leckebusch and Ulbrich (2004) and
Schubert et al. (1998) who detected a northward shift of the
cyclone tracks over the eastern part of the North Atlantic
and western Europe. Alternatively, for both F1 and F2 we
find a slight decrease of the total cyclone numbers for the
Eastern Atlantic. However, these differences are generally
not significant. Nevertheless, given a strong significant
decrease of the winter number of cyclones over Mediterranean storm track, we can identify a relatively stronger
manifestation of the mid latitudinal eastern Atlantic-
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Fig. 8 Contours of the cyclone numbers over the North Pacific
Ocean in E5P (grey colors) and F2 (bold contours with hachures) in
winter (JFM). The contour lines correspond to the regional 75% (light
grey) and 85% (dark grey) percentiles

European storm track in the future climate, rather than a
poleward shift.
In summer (Fig. 7 b, d), the western Pacific storm track
shows in both F1 and F2 an obvious southward displacement, resulting in an increase of the cyclone numbers in the
subtropics and a decrease of the cyclone counts in the
Western Pacific mid latitudes. Over the North Atlantic mid
latitudinal storm track, a northward displacement of the
trajectories is visible in both future climate periods, especially in F2. A strong increase of the summer cyclone
numbers is found in the Mediterranean region, where the
number of cyclones was nearly doubled in F1 compared to
E5P. Although the number of cyclones in this region is
relatively small, the simulated changes are quite remarkable. The trend from E5P to F1 also continues from F1 to
F2. This increase is also found from pre-industrial conditions to E5P (not shown). Table 4 shows the total cyclone
numbers in the Mediterranean region in the three experiments for winter and summer. In winter, F1 and F2 show a
decrease of about 20% compared to E5P. This estimate is
qualitatively consistent with Pinto et al. (2007), who
reported a slightly weaker winter decrease. In summer, we
find an increase in F1 and F2 by approximately 15%
compared to the present climate conditions. The amplitude
of the annual cycle in cyclone activity in Mediterranean
region increases by about a factor 3, implying a weakening
of cyclone activity in winter and an intensification in
Table 4 Mean cyclone numbers identified in the Mediterranean
region (0°–30°E, 30°N–45°N) in E5P, F1 and F2 during winter (JFM)
and summer (JAS)
Experiment

JFM

JAS

mean

SD

mean

SD

E5P

64

6.3

73

6.4

F1

54

5.5

85

7.1

F2

55

6.1

88

9.0

Standard deviations correspond to the interannual variability during
20-year periods in all experiments

123

summer in future climate. Over the Atlantic storm track,
the differences in summer imply a northward displacement
of the trajectories, which is also visible in both future climate periods. A considerable drop in the cyclone numbers
during both F1 and F2 compared to E5P is found over the
southwest part of the North American continent. This
pattern was also identified by Bengtsson et al (2006).
Again, this pattern has to be considered with some caution
taking into account uncertainties of the tracking procedures
in the mountain regions. As shown in Fig. 7, almost all
described changes are significant on the 5% level according
to a t-test.
Figure 9 shows differences in the number of deep
cyclones (\980 hPa) between the different experiments. In
winter, a statistically significant increase in the number of
deep cyclones is observed over the Bering Sea as well as
over Northern Eurasia in F2. At the same time over the
North American mid latitudinal storm track and the Western Pacific subtropics the number of deep cyclones
decreases in both F1 and F2 compared to E5P. The most
pronounced changes in the number of deep transients occur
in summer consistently with Table 3. In both F1 and F2 the
weakening of the North Pacific storm track is associated
with an enhancement of the North American and Atlantic
storm tracks and considerable increase in the cyclone
numbers in the Arctic.
Figure 10 shows the differences in the number of
cyclone generation events. During winter, both F1 and F2
show somewhat less frequent cyclone generation over the
Kuroshio storm formation region and over the Central
Atlantic mid latitudes. It is interesting to note that despite
the strong decrease of the cyclone numbers in the Mediterranean region in winter (Fig. 7; Table 4), there is no
indication of a decrease in the number of cyclone generation events in this region. Thus, this regional change is
likely associated with the transients generated over the
Atlantic entering the Mediterranean region. Summer differences in the number of cyclone generation events show a
considerable increase in the Mediterranean area. This
implies that the considerable increase of the cyclone
numbers over the Mediterranean in F1 and F2 likely
originates from the transients born in this region.
Besides the cyclone numbers and the occurrences of
cyclone generation, the analysis of the cyclones frequencies is of interest. They account for both the occurrence of
the transients and their propagation velocities. Figure 11
shows changes in cyclone frequencies between different
climate periods. Although the patterns of differences in
cyclone frequencies are qualitatively close to those for
cyclone numbers, the relative differences in the cyclone
frequencies are 10–25% stronger than those identified for
cyclone numbers. This indirectly implies a reduction of
cyclone propagation velocities under global warming. The
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Fig. 9 Winter (a, c) and summer (b, d) differences in the number of deep cyclones (\980 hPa) between F1 and E5P (a, b) and between F2 and
E5P (c, d). Black circles denote statistically significant differences at 5% level according to a Student t-test

largest changes are identified over the Mediterranean storm
track in both winter (negative change) and summer (positive change). Differences in the frequencies of deep
cyclones shown in Fig. 11e, f for F2 and E5P confirm the
growing cyclone numbers over the Bering Sea during
winter and a considerable intensification of cyclone activity
in the subpolar North Atlantic and Arctic in summer.
Again, the relative change in the deep cyclone frequencies
is about 20% larger compared to the changes in cyclone
numbers, implying that the cyclones could slow down.
Figures 7–11 imply the necessity of a detailed consideration of the individual characteristics of cyclone life

cycles. Figure 12a, b shows that in both future climate
simulations the occurrence of cyclones with a shorter life
time (less than 7–8 days) increases slightly. This is more
pronounced for F2, implying a general tendency of a
shortening of cyclone life times in warmer climates.
Although the number of very long living cyclones
(longer than 8 days) does not undergo significant changes between the present and future climate conditions,
regional changes are quite noticeable. Figure 13 a, b
show winter and summer climatologies of the cyclone
numbers with life times longer than 8 days. The total
mean number of these cyclones in E5P is on average 17
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Fig. 10 Winter (a, c) and summer (b, d) differences in the number of cyclone generation events between F1 and E5P (a, b) and between F2 and
E5P (c, d). Units as in Fig. 2

for winter and 32 for summer. Almost all of them are
generated in the storm formation regions over the Gulf
stream and Kuroshio in winter and over the eastern parts
of the continents in summer, propagating primarily over
mid latitudinal oceanic storm tracks to Northern Europe
and Northeastern Pacific. Figures 13c, d show winter and
summer differences between F1 and E5P in the number
of these cyclones. Remarkably, the number of long living cyclones in winter increases over the sub polar North
Atlantic and European Arctic, indicating a northward
shift of the storm track, which was not clearly identified
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when all cyclones were considered (Fig. 7). During
summer, the changes in the number of these cyclones
(Fig. 13d) imply a northward displacement of the North
American storm track and a southward shift of the
Pacific storm track.
Analysis of the histograms of the cyclone central pressure for the whole Northern Hemisphere (Fig. 12c,d) does
not show significant changes in the frequency of deep
cyclones between the present and the future climate,
although regional differences may be strong (Fig. 11). We
note that the tendency of a general intensification of
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cyclones is also seen when the present climate is compared
to the pre-industrial climate simulation (not shown).
The analysis of deepening rates (Fig. 12e, f) shows a
general tendency of stronger deepening of cyclones in the
future climate simulations F1 and F2. This is especially
evident for the winter season when most of rapidly deepening cyclones occur. This tendency becomes particularly
pronounced in F2. Analysis of the maximum deepening
rates during the stage of cyclone development (not shown),
shows that the winter number of the rapidly intensifying
cyclones or meteorological bombs (Sanders and Guakum
1980; Rogers and Bosart 1986) changes from 7 to 8 events
per winter in E5P to about 9 to 10 events in F2. The
number of rapidly intensifying cyclones in the PR experiment was almost the same as in E5P.
Cyclone propagation velocities (Fig. 12g, h) show
clearly that cyclones slow down in F1 and F2 with respect
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to the present climate (E5P) and, both winter and summer
histograms show a considerable increase in the occurrence
of cyclones with smaller propagation velocities. During
summer, the number of cyclones propagating on average
slower than 30 km/h is about 7% higher in F1 and F2 than
in E5P. Similarly, in winter the number of cyclones with a
mean propagation velocity of less than 40 km/h amounts to
84% in F1 compared to 70% in E5P. This corresponds to an
absolute increase of the number of these slowly moving
cyclones by 63 per season in winter and by 50 per season in
summer. A hemispheric mean increase of the number of
the slowly moving cyclones in the future climates is consistent with a stronger signal in the changes of cyclone
frequencies compared to the cyclone numbers (Fig. 11).
Although the number of cyclones either does not undergo
significant changes or increases just slightly, the cyclone
propagation velocity decreases significantly resulting in the
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Fig. 13 Winter (a) and summer (b) climatologies of the number of
cyclones with a life time longer than 8 days in E5P as well winter (c)
and summer (d) differences in the number of long living cyclones

between F1 and E5P. Black circles denote statistically significant at
the 5% level differences according to a Student t-test. Units as in
Fig. 2

increase of cyclone frequencies according to the definitions
given in Zolina and Gulev (2002).

and ERA-40 reanalyses shows that ECHAM5/OM is
superior with respect to its earlier version ECHAM4/
OPYC3 in simulating cyclone activity over the Northern
Hemisphere. Given the level of differences between
cyclone activity in the two reanalyses, we can state that
ECHAM5/OM is capable of reliably simulating the main
cyclone characteristics in the extra tropics, especially
during the winter season. The major differences in the
cyclone activity between ECHAM5/OM and reanalyses
were identified for short-living continental cyclones in the

5 Summary and discussion
We present an analysis of cyclone activity in present and
future climate simulations with the state of the art climate
model (ECHAM5/OM). Comparison of the extra tropical
cyclone characteristics in this model with NCEP/NCAR
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areas with complicated orography. The comparison of extra
tropical cyclone activity, as revealed by ECHAM5/OM, in
the present climate and under global warming conditions
for the twenty first and twenty second centuries (periods
2070–2090 and 2170–2190) yields generally quite small
changes in the hemisphere-wide characteristics of extra
tropical cyclones. Regional changes in cyclone activity,
however, are quite noticeable. They include a considerable
(up 15–20%) decrease of the number of cyclones in the
Kuroshio storm formation region, over North America and
over the Mediterranean storm track in winter and a considerable enhanced number of cyclone activity in the
Mediterranean region in summer.
Furthermore, regional changes were revealed in the
North Pacific, where the mid latitudinal Pacific storm track
undergoes a northward displacement in winter and the
western Pacific subtropical storm track shifts southward in
summer. It is important to note that these changes primarily
occur during the twenty first century and the trends are
much weaker in the twenty second century, during which
the greenhouse gas concentrations are held constant. For
most cyclone characteristics the differences between the
periods 2170 and 2190 and the present climate conditions
are quite close to those for the period 2070–2090. In general, our analysis does not support the hypothesis of
enhanced mid latitudinal storminess in future climate,
although comparisons of the present climate with preindustrial period show such a tendency at least for deep
cyclones. However, we found some noticeable changes in
the characteristics of cyclone life cycle. In particular it was
shown that cyclones tend to slow down, which leads to a
pronounced increase of cyclone frequencies in the Mediterranean region. Furthermore, cyclones in the future
climate exhibit a stronger deepening rate, resulting in more
rapidly intensifying transients for both winter and summer.
The changes in the characteristics of the hemispherewide cyclone activity under global warming conditions
revealed by in our study are generally consistent, for
instance, with the results of Bengtsson et al. (2006) and
Sinclair and Watterson (1999). Regional changes in
cyclone activity obtained here are also in agreement with
those described by Bengtsson et al. (2006) who used the
same model but different periods and a different tracking
algorithm. Thus, we can conclude that our findings are
quite robust. Our results show an increase of cyclone
activity in the Arctic in summer, but not in winter. This is
partly in agreement with a multi-model anaylsis of Cassano
et al. (2006) who showed a more cyclonically dominated
circulation pattern in the Arctic for both seasons.
It is also reasonable to consider the changes from E5P to
F1 and F2 (Figs. 7, 9, 10) in the context of the magnitude
of differences between cyclone activity in E5P and ERA40 (Fig. 5). For many regions the magnitude of changes
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between the present and future climate is smaller than the
differences identified between E5P and reanalysis. Thus,
large differences between ERA-40 and E5P in the Kuroshio
region, over Northern Europe and the Arctic (indirectly
implying reduced capability of simulating cyclone activity
in these areas) impose some caveats for the quantitative
discussion of the changes between E5P and F1/F2 here. On
the other hand, changes over the North American storm
track, Atlantic and Eastern Pacific and Mediterranean can
be considered with higher confidence. Similarly, changes
in the number of deep cyclones over the Atlantic Ocean in
winter and over the Western Pacific in summer should be
taken with caution given the locally large and statistically
significant differences between ERA-40 and E5P in these
areas.
We have to mention that there is no consensus about the
changes in cyclone activity between different climate
models. The results range from an increase in the number
of severe storms (Carnel and Senior 1998; Pinto et al.
2007) to almost no change in their intensities (Schubert
et al. 1998; Kharin and Zwiers 2000, 2005) or even a
reduction in the number of intense storms (Lunkeit et al.
1996). The spread of the results may be equally influenced
by the differences in the model formulations, the methodologies used to identify the cyclones and the metrics
employed for the interpretation of the results. The IPCC
AR4 (Meehl et al. 2007) gives a relatively low confidence
to the projections of cyclone activity. In this respect, a
comprehensive intercomparison study targeted on the
accurate quantitative estimation of cyclone activity in different climate models using the same climate scenarios,
climate periods and tracking methodology would be welcome. Such a study can shed more light on the causes (e.g.
model parameterizations, spatial resolution) of the differences in the future climate projections of cyclone activity.
For instance, for the analysis of ECHAM5/OM in the
Atlantic-European sector the results of Bengtsson et al.
(2006), Leckebusch and Ulbrich (2004), Pinto et al. (2007)
and our study do not fully agree. Although we obtained an
indication of an increase of the number of cyclones in this
region, especially for the deep cyclones (Figs. 7, 9), these
changes were found not to be statistically significant. At
the same time, Pinto et al. (2007) argues for a remarkable
enhancement of cyclone activity in this area. The northward shift of cyclone trajectories in this area found by
Schubert et al. (1998), Leckebusch and Ulbrich (2004) and
Pinto et al. (2007) was visible in our study only for long
living transients. However, we have to keep in mind that
the results were obtained with different tracking methodologies (Laplacian-based scheme in Pinto et al. (2007),
850 hPa potential vorticity – based method in Bengtsson
et al. (2006) and SLP-based algorithm with dynamical
interpolation in our study). Raible et al. (2007b) compared

U. Löptien et al.: Cyclone life cycle characteristics over the Northern Hemisphere in coupled GCMs

different methods of cyclone tracking using ERA-40 data
and found not only strong differences in the mean cyclone
numbers, but also in the time behavior of the number of
cyclones even for the transients lasting longer than 72 h
(their Fig. 7). If we consider (following Raible et al.
2007b) these cyclones, we get on average 40 to 50% higher
numbers over the Northern Hemisphere compared to
Raible et al. (2007b). Although this comparison is influenced by the analysis of different periods (1961–1990 in
Raible et al. (2007b) and 1978–1999 in our study), somewhat different definitions of seasons and cut-off at 20°N,
the differences cannot be fully explained by all these factors and demonstrate that our methodology retrieves
systematically larger cyclone numbers. Considering vorticity-based methodologies, more drastic differences can be
expected for short-living cyclones (e.g. Rudeva and Gulev
2007). Moreover, changes in cyclone life cycle (e.g.,
propagation velocities), found in our study, imply potentially additional uncertainty, because different schemes
may demonstrate different skills in identifying trajectories
for different climate periods.
Considering potential mechanisms of changes in cyclone
activity, Raible et al. (2007a) and Raible (2007) highlight
changes in mean circulation characteristics, mentioning, for
instance, for Northern Europe the NAO-related circulation
pattern. Paeth et al. (1999) showed an intensifying NAO in
the first part of twenty first century in ECHAM4/OPYC3.
However, the analysis of mean SLP patterns for the present
climate and scenario runs in ECHAM5/OM (not shown)
reveal quite small differences in the North Atlantic SLP
pattern, which is consistent with experiments with CCSM3
(Meehl et al. 2006) who reported even slightly decreased
SLP gradients between the subtropics and sub polar latitudes during the twenty first century. Raible et al. (2007a)
reported that cyclone intensity was enhanced in a colder
climate during the Maunder Minimum.
To the extent that it is possible to derive physical
inferences exclusively from ECHAM5/OM and the state of
the art methodologies of cyclone tacking, we can argue that
even strong anthropogenic warming may not necessarily
result in drastic changes of the cyclone activity. Enhanced
baroclinicity of the mid-latitudinal jets may more likely
lead to displacements of cyclone trajectories and changes
of the strength of their poleward deflection (Orlanski
1998), resulting in regional changes in the number of
cyclones. This is consistent with model results described by
e.g. Ulbrich and Christoph (1999) and Pinto et al. (2007) as
well as with the reanalysis diagnostics (Kodera et al. 1999;
Gulev et al. 2001; 2002; Jung et al. 2003). In this respect, a
further detailed analysis of cyclone life cycle characteristics, including potential vorticity and sizes (e.g. Simmonds
and Keay 2000; Rudeva and Gulev 2007) would be useful.
Enhanced cyclone activity under global warming is not

supported either by the analysis of other climate variables.
For instance, centennial hindcasts of ocean wave characteristics for the twenty first century, based on the observed
relationships between sea level pressure and significant
wave height (SWH) (Wang et al. 2004, Caires and Sterl,
personal communication), do not show unconditionally
growing waves, demonstrating different signs in the trends
in SWH extremes for different scenarios and different
seasons. Taking into account the close connections of wave
changes with cyclone frequencies (Gulev and Grigorieva
2006), this indirectly supports our results.
It would be also interesting to perform a special model
study aimed at understanding the observed and projected
enhancement of extreme precipitation events within the
framework of cyclone characteristics. Observational studies (Easterling et al. 2000; Groismann et al. 2005; Zolina
et al. 2005, 2008; Alexander et al. 2006) report more
extreme precipitation events over Europe and North
America. The IPCC Fourth Assessment Report (AR4)
(Trenberth et al. 2007) confirmed this for the last 50 years.
This tendency is consistent with the intensification of
cyclone activity during the last several decades. Most climate models show also a further increase of extreme
precipitation events for the future (Senior et al. 2002;
Semenov and Bengtsson 2002; Kharin and Zwiers 2005).
For instance, Kharin and Zwiers (2005) reported a strong
increase of the occurrence of precipitation extremes in
transient climate simulations with the Canadian Centre for
Climate Modelling and Analysis coupled global climate
model. Although the major changes at the end of the
twenty first century were observed in the tropics, mid latitudinal signals over the Atlantic-European sector and the
Pacific are also quite noticeable. The IPCC AR4 (Meehl
et al. 2007) projects the increase of mid- and high-latitudinal precipitation with very high confidence. It is
important to understand whether this necessarily implies
intensification of cyclone activity. Up to now it is still
unclear how these parameters are associated with cyclone
characteristics at different time scales.
Acknowledgments This study was supported by the EU-project
ENSEMBLES, the Ministry of Science and Education of Russian
Federation under the contract 02.515.11.5032 and by the Russian
Foundation for Basic Research (grant 05-05-64882). We also benefited from special co-operative grant of DFG provided for the
exchange of visits between IFM-GEOMAR and the P.P. Shirshov
Institute of Oceanology (LO-1377/1-1). The group ‘‘Modelle und
Daten’’ of MPI (Hamburg) is acknowledged for the provision of
ECHAM models outputs. NCEP/NCAR and ERA-40 reanalyses were
made available by courtesy of NCEP and ECMWF. Suggestions and
criticism of Christoph Raible of University of Bern and anonymous
reviewer considerably helped to improve the manuscript. We appreciate helpful discussions with our colleagues Thomas Jung of
ECMWF (Reading), Noel Keenlyside and Eberhard Ruprecht of IFMGEOMAR (Kiel), Irina Rudeva of IORAS (Moscow) and Erich
Roeckner of MPI (Hamburg).

123
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